First-principles approach is demonstrated to calculate the work function of Bi 2 Te 3 . The reference potential and the vacuum energy levels are extracted from the Bi 2 Te 3 (0001) surface structure using the reference potential method based on the density functional theory. The oneshot G O W O many-body perturbation theory is used to place the bulk band edge energies with respect to the reference level and the vacuum energy. At last, the work function of 5. 301 -5.131 eV is predicted for Bi 2 Te 3 (0001) surface and compared to various elements.
I. INTRODUCTION
Bi 2 Te 3 -related binaries and ternaries have attracted much attention due to its use for thermoelectric materials [1, 2, 3] as well as its unique band structure exhibiting topological insulating surface state. [4, 5] The strong spin-orbit-interaction (SOI) from heavy element nature strongly affects its band structure to 2 have non-trivial band structure as well as multiple band valley degeneracy. [4, 6, 7] With the importance of this material, there have been a lots of studies to investigate the bulk and surface band structures of Bi 2 Te 3 . [4, [7] [8] [9] [10] [11] [12] [13] [14] In thermoelectrics, the complex band structure is very critical for high thermoelectric energy conversion efficiency due to the large anisotropic effective mass. [1, 2, 15] The band structure calculations based on the density-functional-theory (DFT) [16, 17] well describe this band structure anisotropy in Bi 2 Te 3 . [12, 18, 19] However, due to the band gap problem in DFT originating from derivative discontinuity in exchange-correlation energy, [20] the band gap (E g ) of Bi 2 Te 3 is also underestimated to be less than ~100 meV. [7, 9, 10] Recent studies revealed that the band structure as well as the band gap are sensitive to the lattice constant, structure relaxation, and the selection of the exchange correlation energy. [7] [8] [9] [10] [11] [12] As a result, the thermoelectric transport properties form electron is severely underestimated for high temperature or intrinsic doping region. [21] To overcome the band gap problem, the self-energy is corrected by using the hybrid-DFT [8, 22] and the many-body-perturbationtheory (MBPT) based GW calculations. [12] [13] [14] As a result, the quasi particle band gap is doubled compared to DFT results, consistent to the experimental band gap (0.17 eV). [12] The band alignment is one of the important physical properties in composite materials or in the devices. [23] [24] [25] [26] [27] [28] In solar-cell, the band alignment in device affects the chare separation to enhance the energy conversion efficiency. [29] In thermoelectric material, the band alignment in thermoelectric composite materials is very important, affecting the carrier transport mechanism. [30] [31] [32] [33] [34] For example, the nano-sized metal in thermoelectric material acts as a potential barrier to change the electron relaxation time. [32] The energy dependent transmission through metal nanoparticle can act as the energy filter for charge transport and the power factor can be enhanced especially in super-lattice structure. [32, 34] Recent study also reported the possibility of minority carrier blocking in hetero nanowire thermoelectric material, enhancing high temperature thermoelectric property. [35] [36] [37] [38] On one hand, the band gap problem in DFT affects the absolute position of band edge levels with 3 respect to the vacuum level, resulting in the wrong band alignments and work functions in the interfaces or surfaces. In Si/SiO 2 interface structure, the valence band offset is larger than ~4eV. [39, 40] However, in DFT, they are underestimated by ~1eV in DFT. [41] In the case of Si/HfO 2 interface structure, the conduction band offset is severely underestimated and become negligible, even if the HfO 2 insulation layer well acts as potential barrier for electron carrier in Si-based devices. [42, 43] We speculate that the wrong band alignment may lead to the wrong design of thermoelectric materials and composites.
Even though the band structure and band alignments of materials are important, only the band gap and the effective mass of materials were theoretically studied for Bi 2 
II. CALCULATION METHOD
For DFT, we use the generalized-gradient-approximation parameterized by Perdew, Burke, and Ernzerhof (PBE) [45] for the exchange-correlation potential, projector-augmented-wave pseudopotential, [46] implemented in VASP code. [47, 48] For G O W O approximation, [49, 50] we use the one-particle Hamiltonian from PBE to calculate the green function G and screened Coulomb potential W without any update. Then the self-energy is calculated from G and W and the quasi-particle band structure is calculated. Note that, here we neglect the off-diagonal term in the self-energy. In all DFT and GW calculations, we include the spin-orbit-interaction (SOI).
The work function of Bi 2 Te 3 (0001) surface is calculated using the reference potential method. [51] The DFT calculation is used to calculate the reference potential of Bi 2 Note that we neglect the relaxation along c-direction, considering the weak interaction between the adjacent Bi 2 Te 3 QLs and negligible distortion at the surface. [53] The reference potential and the vacuum energy levels are calculated with the energy cutoff of 400 eV and the k-point mesh of 12×12×1.
III. RESULTS AND DISCUSSION
First, we investigate the bulk band structure of Bi 2 Te 3 . The calculated band energies for VBM and CBM (E VBM and E CBM ), the mid gap energy E m , and the band gap E g are shown in Table 1 . The calculated band gaps are sensitive to the k-point mesh and the inclusion of SOI for PBE and G O W O calculations, consistent to the previous work. [7] Note that the E g s are also sensitive to the number of bands (NB) for G O W O calculations, as discussed in other works. [54] In PBE plus SOI calculations (denoted as PBE+SOI), the band gap is calculated to be 0.185 eV with coarse k-point mesh of (6×6×6) and it is 0.105 eV with fine k-point mesh of (12×12×12). We would like to note that, in contrast to the band gap, the mid gap energy is less sensitive to the k-point sampling. The difference of E m between the coarse and fine meshes is only 12 meV. When we correct the band edges and calculate the work function, we use the E m instead of band edge energies because of the huge computational cost in G O W O calculations with fine k-point mesh. Meanwhile, the band gap is less sensitive to the cutoff energy.
When E cut is increased from 175 eV to 400 eV, the band gap is slightly decreased by 4 meV.
In MBPT-based GW calculations, the number of empty bands is very important to determine the band gap and band edge energies.
[54] So we perform the convergence test for various NB values with the coarse k-point mesh of (6×6×6). Fortunately, the E g is rapidly converges within 10 meV. The 
